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Its.  abstract 


^The  recrystn.  of  Mo  of  various  compns.  was  studied,  and  the  Type 
I  recrystn.  diagrams  were  detd.  for  samples  that  had  been  plasti¬ 
cally  deformed  by  extrusion.  After  deformation  and  thermal  treat¬ 
ment,  the  microstructure,  grain  size,  and  hardness  were  detd. 

An  increase  in  the  heating  temp,  and  a  decrease  in  the  degree  of 
deformation  resulted  in  a  gradual  change  in  the  avV^rain  size.' 
There  was  a  marked  increase  in  the  grain  size  as  the  temp,  was/ 
increased  for  forged  Mo  with  20$  deformation.  The  av.  grain 
size  decreased  with  increasing  deformation.  A  feature  of  the 
forged,  extruded,  cermet  Mo  Is  the  very  small  change  in  the  av. 
grain  size  for  deformations  of  60-80$  for  a  heating  temp,  of 
l600°.  Another  is  the  unusually  hig.-t,  anomalous  growth  in  the 
grains  at  >1600°  and  deformations  over  50$.  Alloying  with  Ti 
and  Zr  stabilizes  the  structure  and  decreases  the  linear  growth 
rate  of  the  grains.  As  a  result  of  the  extrusion  of  Mo  of  any 
state  with  deformations  of  40-80$,  at  1100-1600°,  a  fine-grained 
structure  was  obtained. 
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RECRYSTALLIZATION  OF  HYDROSTATICALLY 
EXTRUDED  MOLYBDENUM 

G.  A.  Mochalov  and  A.  I.  Yevstyukhin 


The  structural  state  has  an  extremely  strong  influence  on 
the  physical  properties  of  metals,  especially  molybdenum  [1-6]. 

The  existence  of  fine-grained  structure  in  molybdenum  enables  it 
to  retain  high  plastic  properties  in  the  recrystallized  state 
[3,  6].  Therefore,  the  proper  selection  of  conditions  for  the 
thermal  treatment  for  molybdenum  and  its  alloys  is  extremely 
important.  In  this  respect,  knowing  the  diagrams  of  recrystalli¬ 
zation,  which  relate  the  degree  of  plastic  deformation  and 
annealing  temperature  (of  heat  treatment)  to  the  size  of  the 
obtained  grain,  is  of  considerable  interest. 

A  small  number  of  works  describing  the  recrystallization 
diagrams  of  molybdenum  is  known  [3,  7-11].  Ye.  M.  Savitskiy 
with  coworkers  gives  a  recrystallization  diagrams  of  type  I  for 
the  cast  molybdenum  with  carbon  additions  of  0.1-0. 2£,  deformed 
by  compression  (to  70%)  [3,  7]  and  a  recrystallization  diagram 
of  type  II  for  the  hot-pressed  molybdenum  [8],  In  the  works 
[9-11]  are  given  recrystallization  diagrams  of  type  I  for  the  cermet 
molybdenum,  which  were  obtained  at  relatively  low  annealing 
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temperatures  (up  to  1^50°C)  [93  and  on  very  fine  sheets  [10]; 
moreover,  the  study  was  done  at  relatively  small  degrees  cf 
material  reduction  obtained  by  rolling. 

The  recrystallization  diagrams  obtained  in  these  works  do 
not  encompass  all  of  the  numerous  forms  of  shaping  (for  instance, 
hydrostatic  extrusion)  and  the  composition  of  the  most  known 
molybdenum  alloys  (TsM-2A,  VM-1  and  others)  which  are  used  in 
technology  [3,  12,  13]. 

This  work  examines  the  recrystallization  and  gives 
recrystallization  diagram  cf  type  I  for  the  molybdenum  with  various 
comp os it on.  which  was  plastically  deformed  by  the  hydrostatic 
extrusion  method. 

THE  INVESTIGATED  MATERIALS 

The  recrystallization  study  was  carried  out  for  t'  -j  hot- 
forged  (reduction  during  hot  forging  is  about  70?)  cermet  molyb¬ 
denum,  cermet  (not  forged)  molybdenum,  and  hot-pressed  molybdenum 
TsM-2A  annealed  at  2000°C  in  vacuum  for  1  h  [4,  5,  13].  Molyb¬ 
denum  TsM-2A  In  both  states  was  used  from  one  melt.  The  purity 
and  composition  of  the  tested  materials  (according  to  chemical, 
spectral  and  gas  analysis  data)  are  shown  in  Table  1. 

Cold  shaping  with  various  degree  of  deformation  (up  to  80? 
reduction  per  section)  of  the  molybdenum  with  various  composition 
and  original  structure  was  done  by  means  of  a  single  hydrostatic 
extrusion  [4,  5,  1*1].  Mechanical  properties  and  structure  of  the 
indicated  materials  are  described  in  works  [*J-6]. 

THE  PROCEDURE  OF  INVESTIGATION 

The  study  of  microstructures  of  the  material  after  deforma¬ 
tion  and  heat  treatment  was  done  on  the  longitudinal  sections. 
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The  procedure  for  preparation  and  readying  of  fche  sections  for 
study  was  described  earlier  [4]. 


T-e  average  grain  diameter  of  the  material  was  determined 
by  the  ,odal  points  method  of  Saltykov  and,  in  certain  cases, 
additionally  by  calculating  the  number  of  grains  per  the  unit  of 
the  surface  section,  using  the  Jeffreys’s  method  [6,  15j.  The 
grain  size  was  determined  only  for  the  completely  recrystallized 
material,  therefore  the  spatial  diagrams  do  not  show  the  dependence 
of  the  ave  -age  size  grain  for»  some  degrees  of  deformation  and 
temperatures  because,  in  this  case,  the  material  being  annealed 
has  r,ecr,yStf'.llized  completely. 


Vickers  hardness  was  measured  on  the  longitudinal  sections 
by  the  TP-2  instrument  at  a  load  of  10  kgf. 

The  samples  were  annealed  for  1  h  with  various  degrees  of 
deformation  in  a  vacuum  10-^  mm  at  900-2000°C. 

THE  RESULTS  OF  INVESTIGATION 


Softening.  The  temperature  of  beginning  (t”)  and  the  end 
(tp)  of  the  recrystallization  of  the  molybdenum  with  same  • 
composition  and  treatment  was  determined  on  the  basis'  of  the 
hardness  measurement  results  and  the  data  of  microscopic  analysis, 

The  region  of  recrystallization  temperatures  and  also  of 
the  softening  of  the  forged  cermet  molybdenum  depends  on  the 
magnitude  of  the  preceding  deformation  (Fig.  1,  Table  2). 

The  initial  (without  extrusion)  forged  molybdenum  is 
completely  recrystallized  after  annealing  at  l600°C.  We  should 
Indicate  that  the  temperature  softening  region  (1^00-lo00°C)  of 
the  forged  (without  extrusion)  molybdenum  used  in  this  study  in 


Fig.  1.  The  effect  of  the 
annealing  temperature  on  the 
hardness  of  the  forged  cermet 
molybdenum  subjected  to  the 
hydrostatic  extrusion  with 
various  degrees  of  deforma¬ 
tion  (shown  on  the  curves). 


Table  2.  Temperature  of  the  beginning  and 
the  end  of  the  recrystallization  of  the 
hydrostatically  extruded  molybdenum  with 
various  composition  after  the  annealing  for 
1  h. 


>1.  % 
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*A  large  number  of  fine  recrystallized 
grains  was  observed  in  the  initial  structure 
of  the  hot-pressed  molybdenum  TsM-2A  (with¬ 
out  annealing)  P»,  133. 

the  form  of  rods  with  17  mm  diameter  [4,  5]  is  significantly 
different  from  the  published  data  [6]  on  the  recrystallization 
(900-1150°C)  of  the  forged  molybdenum  used  for  the  study  in  the 
form  of  rods  with  7  mm  diameter,  apparently,  due  to  the  following 
reasons.  The  small  magnitude  of  deformation  (about  10-25?  per 
run)  during  the  repeated  hot  forging  and  the  preparatory  heating 
for  forging  the  large  castings  (initial  size  of  section  25  * 

*  25  mm)  are  accompanied  by  a  partial  recovery  of  properties  of 
the  forged  material  (final  size  of  the  semi-finished  product  —  rods 
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with  17  nun  diameter).  The  recovery  process  of  properties  and  the 
changes  in  structure  occur,  apparently,  as  a  result  of  the 
intense  treatment  of  the  polygonization  castings  (possibly,  also 
due  to  partial  recrystallization),  completely  active  under  these 
conditions.  Due  to  a  more  complete  occurrence  of  polygonization, 
the  structure  of  the  hot-forged  molybdenum  (rods  with  17  mm 
diameter)  proves  to  be  very  resistant  to  subsequent  recrystalli¬ 
zation  [16,  17],  as  opposed  to  the  molybdenum  structure  (rods 
with  7  mm  diameter)  which  has  undergone  a  stronger  work  hardening 
during  the  rotation  forging  [6].  The  total  degree  of  deformation 
during  forging,  their  structure,  and  purity  based  on  the  admixtures, 
are  close  for  both  materials.  It  is  possible  to  assume  that  the 
indicated  above  processes  (basically  polygonization)  are 
responsible  for  the  softening  of  the  molybdenum  (rods  with  17  mm 
diameter)  during  a  subsequent  complete  recrystallization  at  high 
temperatures. 


In  forged  molybdenum  with  20%  deformation  the  recrystalli¬ 
zation  is  finished  at  1200°C,  with  deformation  of  40%  —  at 
1100-1150°C.  The  Increase  in  deformation  with  hydrostatic 
extrusion  up  to  80%  somewhat  lowers  the  recrystallization 
temperature.  For  material  with  60-80%  deformation,  the  recrystalli¬ 
zation  occurs  in  the  950-1000°C  temperature  range  (see  Table  2). 

In  view  of  the  fact  that  molybdenum  TsM-2A  is  alloyed  with 
small  additions  of  titanium  and  zirconium  [4,  9,  13],  this 
material  has  an  increased  level  of  the  recrystallization  tempera¬ 
ture  (and  respectively,  the  Interval  of  softening),  than  the 
molybdenum  without  alloying  [3]. 

The  temperature  range  of  softening  of  the  molybdenum 
TsM~2A  annealed  (at  2000°C)  and  then  hydrostatically  extr*  Jed 
with  various  degrees  of  deformation  is  determined  by  the  reduction 
value  (Fig.  2,  Table  2).  The  hardness  of  the  completely  annealed 
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(initial)  material  during  reheating  is  virtually  independent 
of  the  temperature.  In  the  weakly  deformed  material  (rp^  =  20%), 
the  recrystallization  is  finished  at  ]>!QOcC.  A  complete 
softening  of  material  with  80%  deformation  starts  at  1320°C. 
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Fig.  2.  The  temperature 
effect  of  annealing  on 
the  hardness  of  the  hot- 
pressed  molybdenum 
TsM-2A,  subjected  to 
recrystallization  (at 
2000°C)  and  subsequent 
hydrostatic  extrusion 
with  various  degrees  of 
deformation  (shown  on 
curves ) . 
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As  shown  by  the  microscopic  examination,  the  formation  of 
coarse-grained  structure  in  the  narrow  temperature  range  of 
recrystallization  was  observed  in  the  two  deformed  materials  (the 
molybdenum  TsM-2A  with  20%  reduction  and  the  forged  cermet 
molybdenum  with  20%  reduction  and,  it  seems,  0%).  The  process  of 
recrystallization  and  the  coarsening  of  the  material  structure  with 
these  degrees  of  deformation  occurs  both  in  the  mechanism  for 
the  selective  growth  at  some  initial,  less  distorted,,  grains  and 
in  the  formation  mechanism  of  the  new  recrystallisation  centers. 

The  coarsening  of  grains  during  recrystallization,  divided  into 
these  two  mechanisms,  was  revealed  in  work  [18].  Overlaping  of 
the  two  coarsening  of  grains  processes  during  annealing, 
undoubtedly,  does  occur  because  the  gradient  of  the  degree  of 
deformation  and  the  unhomogeneity  of  deformation  in  grains  are 
large  at  such  small  reductions  of  the  polycrystalline  molyb¬ 
denum.  Within  the  least  deformed  grains  which  are  the  nuclei 
of  recrystallization,  the  processes  of  redistribution  of  disloca¬ 
tions  and  formation  of  the  sub-structure  of  the  polvgonizatior. , 
which  also  leads  to  softening,  occur  simultaneously  [7]- 
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Characteristic  feature  during  the  softening  of  the  hot-pressed 
molybdenum  TsM-2A  is  that  the  hot-pressed  material  with  additional 
plastic  deformation  during  hydrostatic  extrusion  with  40-80% 
reduction,  just  z"  the  original  material,  is  complexly  recrystalli¬ 
zed  at  about  1300°C  (Pig.  3,  Table  2).  The  recrystallization  of 
the  hot-pressed  extruded  molybdenum  TsM-2A  starts  and  ends  at 
lower  temperatures  than  in  the  above  described  molybdenum  TsM-2A 
of  another  state  (with  given  and  identical  content  of  the  alloying 
additions  in  the  molybdenum). 


/^..kgf/mm2 


Pig.  3.  The  temperature 
effect  of  annealing  on 
the  hardness  of  the  hot- 
pressed  molybdenum 
TsM-2A  subjected  to 
hydrostatic  extrusion 
with  various  degrees  of 
deformation  (shown  on 
curves ) . 
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The  recrystallization  study  of  the  extruded  (40-8055) 
molybdenum  with  various  composition  has  shown  that  the  new 
recrystallization  nuclei  are  located  basically  on  the  junctions 
of  some  of  the  deformed  grains,  which  is  in  agreement  with  the 
earlier  established  data  [17,  193.  Furthermore,  the  number  of 
recrystallization  nuclei  is  considerably  larger  in  the  extruded 
(40-80%)  hot-pressed  molybdenum  TsM-2A  (see  Fig.  3);  therefore, 
the  final  grain  size  is  considerably  less  than  in  the  extruded 
(40-80%)  and  annealed  molybdenum  TsM-2A  (see  Fig.  2).  The 
formation  of  a  small  number  of  nuclei  and  relatively  rather  coarse 
grain  is  characteristic  for  the  last  material  TsN-?A.  Evidently, 
the  combined  effect  cf  hot  pressing  and  subsequent  cold  hydrostatic 
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extrusion  distorts  the  lattice  in  adjacent  grains  and  throughout 
the  volume  of  the  deformed  material  very  strongly  and  creates 
a  significant  density  and  such  distribution  nature  of  di  ^ ''ca¬ 
tions,  which,  apparently ,  simultaneously  facilitates  the  formation 
of  an  enormous  number  of  nuclei  during  recrystallization  at 
numerous  grain  boundaries  of  the  material  and,  also,  somewhat 
lowers  the  recrystallization  temperature. 

Thus,  cold  deformation  under  the  conditions  of  high 
hydrostatic  pressure,  i.e.,  hydrostatic  extrusion,  reduces  the 
recrystallization  temperature  of  technically  pure  or  low-alloy 
molybdenum,  which  is  in  accordance  with  the  established  laws  of 
the  degree  of  deformation  effect  on  the  nature  of  recrystallization 
[17,  19]. 


The  degree  of  influence  of  the  hydrostatic  extrusion  on  the 
recrystallization  temperature  depends  on  the  initial  state  of 
the  material,  i.e.,  on  the  preliminary  shaping.  In  this  case, 
only  the  influence  of  plastic  deformation  is  examined  during  the 
hydrostatic  extrusion  for  the  material  c"  certain  purity  and 
alloying  without  considering  other  factors  which  change  the 
recrystallization  temperature  level  considerably  [3,  17,  19]. 

The  recrystall i zation  diagram  of  type  I.  The  recrystalliza¬ 
tion  diagram  of  the  extruded  forged  cermet  molybdenum  is  given 
in  Fig.  A.  An  increase  in  the  annealing  temperature  and  a 
decrease  in  the  degree  of  deformation  leads  to  a  gradual  change 
in  the  average  size  of  the  grains.  A  noticeable  growth  of 
grains  with  increased  annealing  temperature  is  observed  in  the 
forged  molybdenum  deformed  v.o  20%.  In  this  work  we  did  not 
examine  the  material  with  small  (about  3-15?)  "critical" 
deformations.  Nevertheless,  as  a  result  of  the  annealing  of 
material  at  2000°C  with  20?  deformation  we  have  obtained  grain." 
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of  maximum  size  (about  220  pm).  After  holding  at  2000°C,  the 
average  grain  size  in  initial  (without  extrusion)  forged  molyb¬ 
denum  proves  to  be  less  than  in  material  with  20%  deformation 
(at  the  same  annealing  temperature),  although  such  a  magnitude 
of  deformation  (20£)  is  still,  apparently,  not  critical. 


Fig.  The  recrystallization 
diagram  of  type  I  of  the 
hydrostatically  extruded 
forged  cermet  molybdenum. 


so  %;/. 

With  increased  deformation,  the  average  grain  size  decreases 
and  comprises  about  30  um  (degree  of  deformation  —  80£)  in  the 
forged  molybdenum  annealed  at  1200*0.  The  essential  feature  of 
the  forged  extruded  cermet  molybdenum  is  in  the  very  insignificant 
change  in  the  average  size  of  the  grains  with  60-80%  deformation 
value  up  to  16G0°C  annealing  temperature  (for  the  material  with 
a  given  level  of  admixtures).  The  weak  dependence  of  the  grain 
size  on  the  annealing  temperature  of  the  extruded  forged  molyb¬ 
denum  [6]  is  a  consequence  of  the  exceptional  uniformity  of 
deformation  during  hydrostatic  extrusion,  because  after  the 
annealing  of  the  extruded  cermet  molybdenum  there  forms  a 
fine-grained  equiaxial  recrystallized  structure  which  is  very 
stable  during  the  annealing  over  a  wide  range  of  temperatures. 
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The  retardation  of  the  aggregating  recrystallization  (the 
delay  in  the  growth  of  the  grains  with  increased  annealing 
temperature)  in  the  extruded  unalloyed  cermet  molybdenum  is 
caused,  apparently,  also  by  a  certain  level  of  the  impurity 

content  in  the  industrially  pure  metal  (basically,  the  interstitial 
impurities) . 


Another  specific  feature  of  recrystallization  of  the 
extruded  forged  cermet  molybdenum  is  the  unusually  high  anomalous 
growth  of  grains  at  the  annealing  temperatures  above  l600°C  and 
degrees  of  deformation  greater  than  505?.  The  effect  of  treatment 
with  a  single  cold  hydrostatic  extrusion  is  so  great  and  the 
reserve  of  the  deformation  energy  is  so  enormous  that^  during  the 
subsequent  recrystallization  of  such  workhardened  material,  mono- 
crystals  grow  over  the  entire  length  of  the  test  rod  [20].  In 
works  [3,  7-11,  21,  22]  in  the  recrystallization  of  molybdenum, 
such  an  effect  of  the  anomalous  growth  of  grains  was  not  detected, 
although  the  phenomenon  of  monocrystallization  of  wires  when  the 
temperature  gradient  exists  was  known  earlier  [23 ]. 

An  analogous  nature  of  change  in  the  structure  d”ring  the 
annealing  is  observed  in  the  hydrostatically  extruded  cermet 
molybdenum  which  was  not  subjected  to  any  shaping  prior  to  the 
deformation  of  extrusion  (Fig.  5). 
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Fig.  5.  The  temperature  effect 
of  annealing  on  the  change  in 
the  average  grain  size  of  the 
cermet  molybdenum  subjected  to 
hydrostatic  extrusion  with 
various  degrees  of  deformation 
(shown  on  curves). 
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In  molybdenum  TsM-2A  annealed  at  2000° C  and  then  extruded, 
a  coarse-grained  structure  is  formed  as  a  result  of  heating  the 
original  material  in  the  900-2000°C  range  without  extrusion  and 
with  20$  deformation  (Pig.  6).  For  the  original  material  of 
this  state  (i|>^  =  0$)  the  grain  size  increases  from  80  ym  (annealed 
at  l400°C).to  150-160  ym  (at  2000°C).  Although  20$  deformation 
is  apparently  not  "critical  "  nevertheless,  the  value  of  the 
average  size  grain  is  large  and  comprises  180-200  ym  for  this 
deformation  after  being  annealed  at  2000° C. 


Pig.  6.  The  recrystallization 
diagram  of  type  I  of  the 
annealed  (at  2C00°C)  and  then 
hydrostatically  extruded 
molybdenum  TsM-2A. 


For  the  molybdenum  TsM-2A  the  average  "grain  size  is 
23-25  um  for  the  80$  deformation,  after  being  annealed  at 
1320°C.  Nevertheless,  even  for  the  deformed  (80$)  material  in  this 
state,  after  annealing  the  structure  proves  to  be  nonuniform  — 
with  relatively  coarse  and  very  fine  grains,  although  on  the 
whole  the  structure  is  fine-grained.  The  reason  for  the 
nonuniformity  in  the  material  structure  of  this  state  is 
apparently  connected  with  the  development  and  growth  pecularities 
of  the  recrystallization  nuclei. 

The  noticeable  growth  in  grains  is  observed  in  the  extruded 
(^0-80$)  annealed  molybdenum  TsM-2A,  aftei  being  annealed  at 
above  lo00°C.  The  collective  recrystallization,  leading  to  the 
general  coarsening  of  the  structure,  occurs  in  the  temperature 
range  of  l600-2000°C. 
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In  view  of  the  fact  that  the  hot-pressed  molybdenum  TsM-2A 
was  not  deformed  with  5-35/8  degrees  of  reduction,  therefore, 
broken  lines  have  been  plotted  on  the  isothermal  cuts  corresponding 
to  this  region  of  deformations  (Pig.  7).  The  structure  was 
fine-grained  when  the  extruded  (40-8050  hot-pressed  molybdenum 
TsM-2A  was  annealed  at  1300-1500°C.  Thus,  the  grain  size  of 
the  extruded  (8055)  molybdenum  annealed  at  1320°C  is  18-20  ym, 
and  for  the  original  (without  extrusion)  —  about  23-29  ym.  Just 
as  for  material  TsM-2A  (see  Fig.  6),  the  grain  size  increases 
only  after  the  annealing  at  temperatures  above  1600° C  (for  any 
degree  of  deformation)  when  there  is  a  collective  recrystallization 
(see  Fig.  7). 


Fig.  7.  The  recrystallization 
diagram  of  type  I  of  the 
hydrostatically  extruded 
hot -pres sea  molybdenum  TsM-2A. 


\ 


a. 

■i 


The  recrystallized  structure  of  the  extruded  (0-8055) 
hot-pressed  molybdenum  TsM-2A  proves  to  be  more  fine-grained 
than  that  ir.  the  extruded  annealed  material  TsM-2A  of  the  same 
compositon  (see  Fig.  6),  If  the  comparison  is  made  for  the  same 
annealing  temperatures  and  the  degrees  of  deformation. 


At  high  annealing  temperature  (about  2000°C),  the  difference 
In  the  grain  size  of  material  TsM-2A  with  various  degrees  of 
deformation  is  insignificant  (see  Figs.  6  and  7). 
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As  follows  from  tne  recrystallization  diagrams  of  the 
extruded  molybdenum  TsM-2A  with  various  initial  state,  the  effect 
of  the  anomalous  growth  of  grains,  which  occurs  in  the  extruded 
unalloyed  cermet  molybdenum,  is  absent  in  the  TsM-2A  material 
(see  Figs.  4  and  5).  Apparently,  alloying  molybdenum  with  titanium 
and  zirconium  stabilizes  the  structure  and  decreases  the  linear 
growth  rate  of  the  grains  during  collective  recrystalliza'cion  [17, 
19]. 


Thus,  the  studied  recrystallization  diagrams  of  type  I  of 
the  extruded  molybdenum  show  that  a  fine-grained  structure  is 
formed  in  the  molybdenum  of  any  state  as  a  result  of  hydrostatic 
extrusion  with  40-80?  deformation  in  the  1100-l600°C  temperature 
range . 
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